Background Bone marrow plays a key role in bone formation and healing. Although a subset of marrow explants ossifies in vitro without excipient osteoinductive factors, some explants do not undergo ossification. The disparity of outcome suggests a significant heterogeneity in marrow tissue in terms of its capacity to undergo osteogenesis. Questions/Purposes We sought to identify: (1) proteins and signaling pathways associated with osteogenesis by contrasting the proteomes of ossified and poorly ossified marrow explants; and (2) temporal changes in proteome and signaling pathways of marrow ossification in the early and late phases of bone formation. Methods Explants of marrow were cultured. Media conditioned by ossified (n = 4) and poorly ossified (n = 4) subsets were collected and proteins unique to each group were identified by proteomic analysis. Proteomic data were processed to assess proteins specific to the early phase (Days 1-14) and late phase (Days 15-28) of the culture period. Pathways involved in bone marrow ossification were identified through bioinformatics. Results Twenty-eight proteins were unique to ossified samples and eight were unique to poorly ossified ones. Twelve proteins were expressed during the early phase and 15 proteins were specific to the late phase. Several identified pathways corroborated those reported for bone formation in the literature. Immune and inflammatory pathways were specific to ossified samples.
Introduction
The dynamics of protein synthesis inside and around the cells constantly change through biochemical interactions with the genome and the cell microenvironment. As a result of the protein diversity created by alternative splicing and posttranslational modifications [48, 78] , gene expression-based analyses cannot always be helpful in understanding and characterizing the role and involvement of proteins in complex biological processes.
Proteomics is defined as a large-scale study of the function and structure of the complete set of proteins in a tissue or organism [104] . Therefore, proteomics has become a commonly used research tool for directly assessing protein expression at the posttranslational stage in biological and clinical research [60, 104] . Secretome analysis and quantitative proteomics have enabled the discovery of important signaling dynamics and new bone-related markers, facilitating new therapeutic targets and diagnostic approaches for patients with bone diseases [11, 104] . Proteomic studies have also been used for comparing the protein expression profiles between normal and disease conditions such as bone sarcoma, osteoarthritis, and osteonecrosis [27, 45, 90] . Secretome-based analyses and proteomics were performed on mesenchymal stem cells, osteoblasts, and osteoclasts to understand their roles in the context of bone homeostasis and bone diseases [11, 14] . These studies at the cellular level have been helpful and pivotal in identifying new hormones, growth factors, and cytokines, which regulate the differentiation, growth, maturation, and activity of these cells [9, 10, 17, 20, 32, 61, 87] .
Bone homeostasis is a complex process, which involves the interaction of multiple cell types in a complex threedimensional (3-D) microenvironment. Therefore, a functional in vitro tissue model with a higher degree of complexity is needed to better capture the process and proteome dynamics of the bone formation cascade.
Bone marrow is a rich collection of stem and progenitor cells (hematopoietic and mesenchymal) and other accessory cells derived therefrom [6, 30, 99] . Bone marrow is intimately related with bone homeostasis, bone turnover, and can be associated with bone diseases [28] . Early organ cultures of marrow have demonstrated an inherent osteogenic potential in the absence of osteoinductive factors [30, 31] and in the absence of serum [29] . In a series of articles [29] [30] [31] , we have demonstrated that the 3-D in vitro cultures of marrow at microliter volumes undergo osteogenesis to form plate-like mineralized structures, which are up to 4 to 5 mm in diameter and up to 150 lm in thickness. These studies demonstrated that bone marrow tissue has a remarkable bone-forming potential in the absence of exogenous osteoinductive factors. Further characterization of extracellular matrix in these ossified marrow explants confirmed bone tissue characteristics (eg, Type I collagen expression, alkaline phosphatase expression, and carbonated apatite crystals) and residency of osteocyte-like cells embedded within the matrix, which stained positive for sclerostin [30] , commonly used osteocyte-specific marker. The plate-like bone structures were mechanoresponsive and displayed differences in cytokine expression dynamics in response to mechanical stimulation [31] . Maintaining the spatial integrity of marrow tissue immediately after explantation was critical such that homogenized micropellets of marrow did not display ossification to the same extent as the minimally processed marrow tissue samples [30] . The probability of ossification in this marrow explant model was approximately 50%, in which half of the samples did not undergo ossification at the same level. However, it is unclear which unique proteins and pathways are involved in ossified and poorly ossified marrow samples, and in early and late phases of ossification.
We therefore determined: (1) the comprehensive proteome of marrow explants and the unique proteins in cultures that underwent ossification and that displayed poor ossification; (2) the proteome of marrow ossification in the early phase (Days 1-14) and late phase (Days 15-28); and (3) bone-related pathways and pathway maps based on the list of identified proteins.
Materials and Methods
Eight marrow explants from four femurs and four tibiae from two rats were cultured and the conditioned media was collected for up to 28 days. Ossification was confirmed and quantified by microcomputed tomography (lCT) of explants at Day 28 ( Fig. 1 ). Ossification level of the marrow samples indicated that the ossified group had an ossified volume of 0.0556 mm 3 (SD: 0.0464, n = 4) and the poorly ossified group had an ossified volume of 0.0029 (SD: 0.0007, n = 4). Based on the ossified volume, samples were grouped as ossified (O) and poorly ossified (PO) ( Fig. 1 ). Conditioned media samples were also classified based on time: Days 1 to 14 were considered early-stage and Days 15 to 28 were considered late-stage groups. The list of proteins involved was identified and presented for the following experimental groups: (1) early-stage media The proteins in the media were digested by trypsin and the resulting peptides were subjected to NanoLC-Chip Mass Spectrometry/Mass Spectrometry (MS/MS) (Agilent Technologies, Santa Clara, CA, USA). MS/MS analysis was followed by targeted MS/MS. We analyzed the resulting spectra acquired on NanoLC-Chip-MS/MS using Spectrum Mill A.03.02.060 software (Agilent Technologies) and searches were performed against the National Institutes of Health National Center for Biotechnology Information protein database. To explore biological functionality, data were analyzed using GeneGo (GeneGo Bioinformatics Software, Inc, St Joseph, MI, USA). GeneGo is a data-mining tool that facilitates analysis of biological pathways for high-throughput data sets.
Whole bone marrow was isolated from both femurs and tibiae of two 80-to 90-day-old male Long-Evans rats (approved by Purdue Animal Care and Use Committee) using a previously described method for bone marrow extraction and explant culturing [29] . Briefly, diaphyseal bone marrow was extracted with a centrifugation-based technique that minimizes manual handling and transfer of bony fragments from the donor bone tissue into the culture environment. Marrow tissue was cultured on inserts with porous PET membranes (0.4-lm pore size Transwell; Corning, Corning, NY, USA) by applying marrow samples at 7 lL (7 mm 3 ) volume using a micropipette. Standardization of the starting volume of samples as such eliminated the need to normalize the final ossified tissue volume to original explant volume. The serum-free growth medium was modified from Lennon et al. [53] and composed of 60% DMEM, 40% MCDB-201 supplemented with 1% ITS + 1 (Sigma, St Louis, MO, USA), 50 lg/mL ascorbic acid, 5 mM Na-b-glycerophosphate, 3.5 mg/mL glucose, 40 U/mL penicillin and 40 lg/mL streptomycin, and 1.5 lg/mL fungizone. No osteoinductive factors (eg, dexamethasone, bone morphogenetic protein-2) were added into the culture media at any point in time. We cultured the explants for 28 days and media was replenished on Days 2, 5, 7, 10, 12, 14, 17, 19, 21, 23, 26, and 28. The medium conditioned by bone marrow explants was collected from each ossifying explant before each fresh media addition and stored in sterile low protein-binding tubes (LoBind, Eppendorf, Germany) separately. The samples were stored at À80°C for secretome-based proteomic analysis, which was performed at the end of the experiment collectively. Repeated freezing and thawing of the collected conditioned media was eliminated with appropriate aliquoting.
At the end of the culture period, marrow explants were fixed with 10% formalin and kept in the fixative. The ossified volume of the marrow explants was quantified by lCT (SCANCO Medical AG, lCT 40, Brüttisellen, Switzerland) with a 16-lm voxel resolution (I = 145 lA, E = 55 kVp, integration time = 200 ms). The data sets were reconstructed and analyzed with commercial software (SCANCO evaluation software) and the segmentation parameters of 0.8 (Sigma), 1 (support), and 100 (threshold) were used [63, 67, 73] . The total ossified volume (BV, mm 3 ) was used to determine the level of ossification and to differentiate between ossified and poorly ossified samples. Experimental design and data analyses process are presented as a flow chart. Marrow explants were cultured in vitro for 28 days (n = 8). Conditioned culture medium that contained the secreted proteins from the marrow explants were collected (Days 2, 5, 7, 10, 12, 14, 17, 19, 21, 23, 26, and 28) and stored for secretome based quantitative proteomic analysis. At the end of the culture period, ossified and poorly ossified samples were identified and grouped using micro computed tomography (lCT), which quantified the ossified volume. Next, the collected conditioned medium samples were grouped based on early (Days 1-14) and late (Days 15-28) phases. The samples were processed using NanoLC-Chip Mass Spectrometry/Mass Spectrometry to identify the secreted proteins. Unique proteins for ossified and poorly ossified samples and in early and late phases of ossification were identified using Spectrum Mill MS Proteomics Workbench Software. Bone related pathways and pathway maps were identified using Genego Bioinformatics software.
The conditioned medium samples (100 lL) were dessicated and resuspended in 20 lL 0.1 M HEPES at pH = 8.0 (Applied Biosystems, Foster City, CA, USA). Samples containing buffer were denatured with 10 lL of 2% SDS (Applied Biosystems), reduced with 50 mM tris-(2-carboxyethyl)phosphine (Applied Biosystems), and alkylated with 1 lL 200 mM methyl methanethiosulfonate (Applied Biosystems). We added trypsin (5 lL of 1 lg/lL 5% w/w; Applied Biosystems) and samples were incubated at 37°C overnight. Finally, 2.5 lL of 10% trifluoroacetic acid was added and samples were incubated at 37°C for 30 minutes and then spun at 13,000 9 g for 10 minutes. We removed the supernatant and applied it to a C18 microspin column (Nest Group, Southborough, MA, USA) for buffer exchange followed by a G25 Sephedex column (Nest Group) for desalting. The resulting peptides were dried down and resuspended in 100 lL 0.01% trifluoroacetic acid in water.
Trypsin-digested proteins were separated using a NanoLC-Chip system (1100 Series LC equipped with HPLC Chip interface; Agilent, Santa Clara, CA, USA). After injection of 0.5 lg, the peptides were concentrated on the on-chip 300SB-C18 enrichment column and washed with 5% acetonitrile, 0.01% trifluoroacetic acid at a flow rate of 4 lL/min for 5 minutes. The enrichment column was switched into the nanoflow path and further separated with the on-chip C-18 reversed-phase ZORBAX 300SB-C18 (0.75 lm 9 150 mm; Agilent) analytical column coupled to the electrospray ionization source of the ion trap mass spectrometer (XCT Plus; Agilent). The column was eluted with a 55-minute linear gradient from 5% to 35% buffer B (100% acetonitrile, 0.01% trifluoroacetic acid) at a rate of 300 nL/min followed by a 10-minute gradient from 35% to 100% buffer B. The column was reequilibrated with an isocratic flow (5% buffer B) at 300 nL/min. The system was controlled by ChemStation software (Agilent). We acquired NanoLC-MS chromatograms in positive ion mode under the following conditions: a capillary voltage of 1850 V and an end plate offset of 500 V. The dry temperature was set at 300°C. Dry gas flow was maintained at 6 L/min. Acquisition range was 350 to 2000 m/z with 0.15-second maximum accumulation time and scan speed of 8100 m/z per second.
To obtain the comprehensive list of proteins involved in each sample group ( Fig. 1 ), raw MS data were exported to mzXML format using Bruker's CompassXport program and uploaded to the Purdue's Proteomics Discovery Pipeline (Purdue University, West Lafayette, IN, USA) bioinformatics infrastructure. The Proteomics Discovery Pipeline is a multistep web-based proteomics analysis software suite. It consists of the individual tools, XMass, XAlign, and XNormalization and various other tools used for statistical analysis. An initial list of peaks was obtained using XMass, a deconvolution tool that helps differentiate genuine peaks from experimental noise. Parameters for XMass included: minimum LC peak width (number of scans): six; retention time range: 5 to 55 minutes; and M/Z variation between isotopes: 0.5. Peaks from the same molecule that were present in multiple samples were aligned using XAlign. Parameters for XAlign were: M/Z variation: 0.8; retention time variation: 0.7; and LC peak width (number of scans): 60. We normalized aligned data using XNormalization in preparation for statistical analysis. It was specified that a peak must be present in 80% of the samples to be included in the statistical tests.
To identify the unique proteins involved in each sample group, five Student's t-tests were run using Pipeline's builtin statistical tools. The groups for the five t-tests were:
(1) all poorly ossified and ossified; (2) poorly ossified early and poorly ossified late; (3) ossified early and ossified late; (4) poorly ossified early and ossified early; and (5) poorly ossified late and ossified late. Results from the statistical tests were further filtered by removing peaks with a p value of [ 0.05 and a fold change of \ 2 or [ 0.5. For the remaining peaks in each group, we calculated average retention times and m/z values. Finally, the peaks in each test were separated into two groups. The first group consisted of peaks that were present in both groups of the statistical test and the second group consisted of peaks that were present in only one group of the statistical test. The fold changes and the p values of the statistical tests were reported.
Trypsin-digested peptides were separated on a NanoLC-Chip system (1100 Series LC equipped with HPLC Chip interface; Agilent) using the same platform as described previously. We acquired automated MS/MS spectra during the run in the data-dependent acquisition mode with the selection of the three most abundant precursor ions (0.5 minute active exclusion; 2 + ions preferred). If the peptides associated with our peaks of interest (ie, the substantially large peaks in the spectra) were not identified as a result of low abundance, then the samples were rerun using the same parameters except the specific mass associated with the peaks of interest was selected for preferentially or targeted MS/MS analysis.
MS/MS data were analyzed using Spectrum Mill A.03.02.060 software (Agilent Technologies) and searches were performed against the National Institutes of Health National Center for Biotechnology Information (NCBInr_09, www.ncbi.nlm.nih.gov/Entrez) protein database. Raw MS/ MS data were extracted into Spectrum Mill with the mass range for precursor ions set to 300 to 4000 Da. To accelerate the search, we selected HUMAN RODENT as the species setting to narrow the searchable species to homo sapiens, mus musculus, and rattus norvegicus. The parameters of the search were as follows: no more than two tryptic miscleavages allowed, cysteine searched as S-methylmethane thiolsulfonate, 1.0 Da peptide mass tolerance, and 0.7 Da MS/MS mass tolerance. Only peptides with a score of 6 or higher and score peak intensity of 60% or higher were considered truepositives.
To link differentially expressed peptides identified in MS-only mode with specific proteins, we matched peaks from the MS findings with data generated by the shotgun MS/MS based on the methods in the literature [56] . The retention time and m/z value were used as unique identifiers of each peak (these values were averaged in the MS data). The matching process consisted of identifying all of the peaks from the MS/MS data that fell within a range of ± 1-minute retention time and ± 0.5 m/z from the MS peaks.
A targeted MS/MS analysis was conducted to increase the number of differentially expressed peptides that matched with named proteins. Eighty peaks were selected from the list of unmatched peptides. These peaks included the twenty most highly expressed ossified and poorly ossified peaks. Peaks with overlapping retention times were omitted to increase the accuracy of our analysis.
To explore biological functionality, we analyzed data using GeneGo (GeneGo Bioinformatics Software, Inc). GeneGo is a data-mining tool that facilitates analysis of biological pathways for high-throughput data sets. The proteins in the data set were split into eight different groups depending on the pattern of upregulation: ossified early, ossified late, poorly ossified early, poorly ossified late, all ossified, all poorly ossified, all early, and all late. These eight groups were uploaded to GeneGo as eight separate files. Ontology enrichment analyses were run to search our data set against the GO Processes database, GeneGo Process Networks, and GeneGo Pathway Maps. Parameters were as follows: p value threshold, 0.05; threshold, 0; and signals, both. A GO process is a set of events or operations with a definite starting and end point relating to the function of cells, tissues, organs, and organisms. A GeneGo pathway map is a prebuilt functional ontology that focuses on consensus multistep canonical pathways. In other words, the GeneGo pathway maps database (www.genego.com/mapsearch.php) is a collection of pathways that was compiled from the literature, including metabolic pathways (eg, glycogen metabolism), regulatory pathways (eg, apoptotic tumor necrosis factor family pathways), or disease process pathways (eg, angiotensin signaling through PYK2). Each step in a pathway map is well defined in the public domain or validated by GeneGo scientists. A GeneGo process network can be defined as a comprehensive biological process with a specific functional theme. A process network is a broad concept that consists of all the pathways associated with a process and all the documented connections between genes/ proteins. A process network can consist of several pathway maps. An example process network might be inflammation, whereas the pathway maps might be effects of lipoxin on neutrophil migration. The process network connects all the intracellular processes and is not confined to what happens in a single cell. A network may contain more or less information than a pathway, depending on the parameters used when creating the network.
Results
Proteomic profiling indicated 28 proteins specific to the marrow cultures that ossified, of which 12 were specific to only ossified early group, 15 specific to ossified late group, and one specific to both early and late groups ( Table 1) . On the other hand, five proteins were specific to the poorly ossified early group, three proteins to the poorly ossified late group, and none specific to both poorly ossified early and late groups ( Table 1) . Sixty-seven proteins were identified with a fold change of at least ± 2 and p \ 0.05, and the list of proteins expressed in each group is included in Table 2 . Several of these included apolilipoprotein L, Zinc-finger proteins 17 and 34, tumor necrosis factor receptor superfamily, ADAM metallopeptidase with thrombospondin Type 1 motif, collagen XII, and Complement factor H ( Table 2) . Among these proteins, 26 of them were directly related to bone homeostasis or bone marrow, supported by studies in the literature (Table 3) .
Based on the proteins present, eight bone-related pathways (Table 4 ) and four bone-related pathway maps (Table 5) were identified by GeneGO analysis. We identified a number of peptides with duplicate protein matches (Supplemental Table 1 ), which were not included in pathway and network analysis. In addition to the bonerelated pathways, and pathway maps presented in Tables 4  and 5 , a comprehensive list of other processes, process networks, and pathway maps were identified: GeneGO Processes (Supplemental Table 2 ), GeneGo Process Networks (Supplemental Table 3 ), and GeneGo Pathway Maps (Supplemental Table 4 ).
Discussion
Bone marrow plays a major role in bone formation, regeneration, and healing and inherently ossifies in vitro without addition of excipient osteoinductive factors. Proteome of marrow ossification would have major implications in understanding the proteomic mechanisms of bone formation, regeneration, and healing. We studied the proteome of marrow ossification using quantitative secretome-based proteomics. We compared the proteome of ossified and poorly ossified marrow samples cultured under equivalent conditions. We further analyzed and compared the expression of secreted proteins from rat marrow explants during ossification in two phases: early phase (Days 1-14) and late phase (Days 15-28). Based on the list of proteins, we identified pathways and pathway maps closely relating to bone biology. Our study is subject to certain limitations. First, the marrow samples were obtained from rats and therefore may present differences with human marrow. The use of rat marrow samples may have provided a more homogenous composition as a result of the smaller size of the medullary cavity, which is substantially larger in humans. It has been reported that human marrow tissue also displays ossification potential in vitro [57] . However, future studies are needed to explore the inherent ossification potential of human marrow tissue, its characteristics, and proteome. Second, the study analyzed the secreted proteins from the same samples over time. Therefore, the proteins contained within the cells or bound to the matrix synthesized by cells are not generally secreted and were not included in the analyses. Although secretome-based proteomic analyses have been used in studying biological systems [11, 14] , to have a complete picture of the marrow ossification process, future studies are needed, which include the proteins in cells.
We have identified unique proteins in ossified and poorly ossified marrow samples (Table 1) . We observed the expression of both ADAMTS and APOL1 proteins increases in ossified marrow samples. More specifically, ADAMTS was overexpressed late in the ossified marrow (O-L) samples suggesting active osteogenic differentiation resulting in bone formation. APOL1 was overexpressed in both O-E and O-L samples. ADAMTS is overexpressed during osteoblast differentiation [41] . The overexpression Table 4 . Bone-related pathways and GeneGO process networks from our data set that have previously been studied in relation to bone and bone formation*
Pathways and networks References
Apoptosis-apoptosis stimulation by external signals [54, 79, 106] Cell adhesion-integrin-mediated cell-matrix adhesion [35] Inflammation-interferon gamma signaling [24] Development-neurogenesis [13, 42, 58] Cardiac development-Wnt beta-catenin, Notch, VEGF, IP3, and integrin signaling [22, 36, 68, 74, 76, 77, 85, 89, 95, 101, 102] Immune response-interleukin-5 signaling [59, 92] Immune-phagocytosis [64, 71, 100] Chemotaxis [15, 83] * References to relevant literature are included; VEGF = vascular endothelial growth factor. * Pathway maps from our data set that have previously been studied in relation to bone and bone formation. References to relevant literature are included. of E2F transcription factor early in ossified marrow samples (O-E) indicates that it may be involved in regulating various processes such as the apoptosis of hematopoietic cells and differentiation of marrow stromal cells (MSCs) toward the bone lineage. E2F transcription factor 3 reportedly regulates the expression of genes involved in proliferation, differentiation, and apoptosis [26] . We have previously reported that although the hematopoietic cells decrease in number, fraction of MSCs is maintained in the marrow explant culture system [30] . We observed that dimethylarginine dimethylaminohydrolases (DDAH 2) was overexpressed both early and late in ossified marrow samples. DDAH 2 reportedly upregulates the expression of vascular endothelial growth factor (VEGF) in endothelial cells [33] . On the other hand, VEGF is not only an angiogenic factor, but it is involved in osteogenesis [38, 82] . The overexpression of DDAH2 together with the evidence of the involvement of VEGF-related pathway suggests that the in vitro marrow explant culture system may be a useful tool to study bone vascularization by using cocultures of ossifying marrow explants with endothelial cells. A coculture model involving bone marrow explants and endothelial cells may further augment VEGF expression and reveal intrinsic details about the complex process of bone vascularization. The key difference between the envisioned in vitro marrow model of vascularization and existing in vitro models [18, 49, 80] is that existing models generally use single populations of cells (generally osteoblasts or stromal cells) with endothelial cells. Although such models provide a greater degree of control, the marrow model ossifies to form bone-like plates and it provides a more heterogeneous population of cells that would reflect the complexity of the in vivo setting in a Petri dish. Such diversity may elicit forms of in vitro vasculogenesis that may not be observed in coculture of two cell populations. On the other hand, the marrow model would still be more complex than culture of two cell types, and interpretation of the results would be more challenging.
The pathway and network analysis helped identify several key bone-related pathways that may be involved in the ossification process of the marrow explants. One of the key pathways we found involved in the ossified marrow samples is the notch signaling pathway ( Table 4 ). Induction of notch signaling in human bone marrow stromal cells (hBMSCs) through transduction of lentiviral vectors containing human notch1 intracellular domain (NICD) enhances the osteogenic differentiation of hBMSCs while inhibiting adipogenesis [24] . It is likely that notch signaling regulated the osteogenic differentiation of MSCs in ossified marrow samples. Moreover, notch signaling is reportedly involved in the maintenance of MSC progenitor population [58] as observed in marrow explant cultures [30] . Wnt signaling pathway involved in ossification of bone marrow explants (Table 4 ) plays a dominant role in bone development/repair [41] , bone metabolism, and regulating osteoblast proliferation, function, and survival [50] . Ossified marrow samples also displayed interleukin-5 signaling (Table 4 ). It has been widely accepted that proinflammatory factors generally tend to favor bone formation [12, 34] , whereas antiinflammatory factors (such as nonsteroidal antiinflammatory drugs [NSAIDs]) impair fracture healing [1, 97] . The association between inflammatory factors and bone formation is believed to stem from the initial presence of inflammatory cells after injury and proinflammatory environment promotes the recruitment of cells for repair and revascularization. IL-5, as identified in the current study, has not been reported extensively within the context of osteogenesis. However, there is one study that investigated a transgenic mouse model overexpressing IL-5 and reported heterotopic ossification in the spleen as well as increased bone formation in long bones [59] . This is in agreement with our observation of the presence of an IL-5-associated pathway in ossified marrow population. Analysis of pathways specific to bone-forming cultures indicated apoptosis stimulation by external signals, phagocytosis, neurogenesis (axonal guidance), cardiac development (Wnt beta-catenin), Notch, VEGF, IP3 and integrin signaling, cell adhesion (integrin-mediated cellmatrix adhesion), immune response (IL-5 signaling), inflammation (interferon-gamma signaling), and development (neurogenesis) in general (Table 4 ). At the pathway map level, bone-forming marrow cultures displayed immune response (interleukin-6 signaling pathway, TLR signaling pathways), transport (Clathrin-coated vesicle cycle), and development (growth hormone signaling through STATs and PLC/IP3) ( Table 5 ). On the other hand, there were no pathways identified in the ossified late group, which suggests that the pathway database is not comprehensive for bone formation-related pathways.
The ossification process in 3-D marrow cultures is a highly complex process that involves en masse apoptosis of the hematopoietic population and a surge in the mesenchymal compartment. The most important finding of our study was that those marrow cultures that ossified displayed immune and inflammatory pathway maps more specifically than those that did not ossify. Because the model involved disruption of the status quo (ie, isolation of marrow sitting in the confines of bone and disruption of vascular networks), it becomes clear that groundwork for osteogenesis is set by immune and inflammatory cells. The model could be particularly relevant to investigating the underlying mechanisms of bone formation after trauma or surgery. The model and the platform developed here can also be used to assess the osteogenic potential of bone marrow samples obtained from patients to evaluate the risk of bone diseases such as osteoporosis. Future studies will Volume 470, Number 9, September 2012 Proteomic Profiling of Ossifying Marrow 2537 use immune and inflammatory blockers to assess their effect on the level of marrow ossification.
